Forty-nine strains belonging to the genus Gluconobacter were re-examined with respect to their species identification based on the sequences of the 16S rDNA and 16S-23S rDNA internal transcribed spacer regions (ITS). A phylogenetic tree constructed from the 16S rDNA sequences indicated the presence of five clusters corresponding, respectively, to the major five species of the genus Gluconobacter, namely G. albidus, G. cerinus, G. frateurii, G. oxydans (type species), and G. thailandicus. The type strain of G. asaii, NBRC 3276 T ( T ‫؍‬ type strain) was included in the G. cerinus cluster, which is consistent with the report that G. asaii is a junior subjective synonym of G. cerinus. Existence of the G. albidus, G. cerinus, G. frateurii, G. oxydans, and G. thailandicus clusters was also recognized by the ITS sequence analysis. Both sequence analyses revealed that the G. cerinus and G. frateurii clusters were heterogeneous. The G. cerinus cluster comprised three strains of G. cerinus and one strain of G. frateurii, while the G. frateurii cluster included ten strains of G. frateurii, three of G. cerinus, and eleven of G. oxydans. These results suggest that phenotypic differences among Gluconobacter species are ambiguous and the species definition must be re-evaluated. The 16S rDNA and ITS sequences determined in this study are valuable for the identification and phylogenetic analysis of Gluconobacter species.
Introduction
Strains classified under the genus Gluconobacter Asai 1935, 689 AL belong to a-Proteobacteria and are characterized morphologically by polar flagellation when cells are motile. Physiologically they lack acetate and lactate oxidation, and chemotaxonomically they possess a major ubiquinone comprised of Q-10. In the genus Gluconobacter, six species, namely Gluconobacter albidus (ex Kondo and Ameyama) Yukphan et al. 2005, 983 VP , Gluconobacter asaii (De Lay, 1961; Mason and Claus, 1989; Tanasupawat et al., 2004; Yamada and Akita, 1984; Yukphan et al., 2004b) . Since the type and representative strains of G. asaii exhibited high degrees of DNA-DNA relatedness to the type strain of G. cerinus, G. asaii is currently regarded as a junior subjective synonym of G. cerinus (Katsura et al., 2002) . Phenotypic features discriminating among Gluconobacter species are requirement of nicotinic acid for growth, growth on mesoribitol and L-arabitol, growth at 37°C, and acid production from myo-inositol, D-mannose, and melibiose (Gosselé et al., 1983; Katsura et al., 2002; Mason and Claus, 1989; Tanaka et al., 1999; Yamada et al., 1999) . However, Katsura et al. (2002) reported that some Gluconobacter strains did not show typical characteristics of the species to which they were assigned. For instance, strain IFO 3275 (ϭ NBRC 3275), which was previously classified into G. asaii, was found not to grow on ribitol or arabitol, and hence was re-assigned as G. cerinus based on these phenotypic characteristics as well as DNA-DNA hybridization data. G. cerinus IAM 1832, which showed DNA-DNA similarity values of 83-87% with the type strain of G. cerinus IFO 3267 T ( T ϭ type strain), could not grow without nicotinic acid.
More than fifty Gluconobacter strains, which were deposited and preserved at the IFO since the 1950s, have been transferred to and preserved at the NBRC. These strains were identified on the basis of phenotypic characteristics and most of them have not been investigated at the molecular level until now. DNA-DNA hybridization was reported to give a decisive criterion to discriminate among bacterial strains at the species level (Wayne et al., 1987) . However, it is not practical to perform DNA-DNA hybridization for a large number of strains. It was subsequently shown that 16S rDNA sequence and 16S-23S rDNA ITS restriction fragment length polymorphism analyses are useful for the identification of Gluconobacter species (Katsura et al., 2002; Yukphan et al., 2004a) . In addition, Trček (2005) recently reported that sequences of the PQQdependent alcohol dehydrogenase gene are useful to identify acetic acid bacteria. However, these studies were mainly performed with the type strains and the number of strains with which 16S rDNA and ITS sequences have been determined is rather small. The study conducted here aims not only to re-classify Gluconobacter strains but also to define the way of species discrimination based on the 16S rDNA and ITS region sequences and to provide the sequence data for phylogenetic analysis of Gluconobacter species.
Materials and Methods
Bacterial strains and cultivation conditions. Fortynine strains belonging to the genus Gluconobacter that have been preserved at the IFO and NBRC were examined in this study (Table 1 ). All strains were cultivated in 5 ml of broth containing 0.5% Polypepton (Nihon Pharmaceutical, Osaka, Japan), 0.5% yeast extract, 0.5% glucose, and 0.1% MgSO 4 · 7H 2 O, which was adjusted to pH 7.0.
PCR amplification and sequencing of the 16S rDNA and 16S-23S rDNA ITS. DNAs for PCR templates were prepared by using a DNeasy Tissue Kit (Qiagen, Hilden, Germany). Almost the entire 16S rDNA gene was amplified by PCR from each strain with the primers 9F (5Ј-GAGTTTGATCCTGGCTCAG, the same sequence corresponding to positions 9 through 27 of the Escherichia coli numbering system of Brosius et al. (1981) ) and 1510R (5Ј-GGCTACCTTGTTACGA, complementary to the sequence corresponding to positions 1510 through 1495) (Nakagawa et al., 2002) . The 16S rDNA fragments amplified were purified by using a GFX PCR DNA and Gel Band Purification Kit (Amersham Biosciences, Piscataway, NJ, USA). The PCR products were directly sequenced by using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The primer sequences for the amplification and sequencing of 16S-23S rDNA ITS were 5Ј-TGCGG(C/T)TGGAT-CACCTCCT (corresponding to positions 1522 through 1540 of the 16S rDNA) and 5Ј-GTGCC(A/T)AG-GCATCCACCG (complementary to the sequence corresponding to positions 22 through 38 of the 23S rDNA) (Trček and Teuber, 2002) . ITS sequences were also determined directly from the PCR products. Phylogenetic analysis. Sequences determined were assembled by using the AutoAssembler program (Applied Biosystems) and then subjected to BLAST analysis (Altschul et al., 1997) to find similarities to known sequences deposited at DDBJ/EMBL/GenBank. The almost complete 16S rDNA sequences determined for the 49 Gluconobacter strains were aligned with that of Acetobacter aceti (X74066) as an out group by using the CLUSTAL W ver. 1.8 software package (Thompson et al., 1994) . Alignments were subsequently modified manually by referring to the 16S rRNA secondary structure of Escherichia coli (Gutell et al., 1994) with Se-Al v2.0 (Rambaut, 1996) . Phylogenetic trees were constructed based on the neighbor-joining method (Saitou and Nei, 1987) and the K nuc values (Kimura, 1980 ) by using CLUSTAL W. All sites for which sequences were not determined in any reference organisms were excluded from the analysis. The topologies of trees were evaluated by the bootstrap resampling method of Felsenstein (1985) with 1,000 replicates. The 16S-23S rDNA ITS sequences from which inserted and/or deleted positions had been excluded were aligned and analyzed with CLUSTAL W. Phylogenetic trees reconstructed from the sequences including inserted and/or deleted bases gave essentially the same results (data not shown).
Nucleotide sequence accession numbers. The accession numbers for the 16S rDNA and 16S-23S rDNA ITS sequence data determined in this study were AB178386 through AB178434 and AB163822 through AB163870, respectively (Table 1) .
Results and Discussion
We have determined the nucleotide sequences of almost the entire 16S rDNA genes corresponding to positions 28 through 1484 of the Escherichia coli numbering system with 53 strains belonging to the genus Gluconobacter. In the 16S rDNA sequence analysis, four strains, NBRC 3252, 3190, 3295, and 3261, were identified respectively to be species belonging to Lactobacillus, Acetobacter, and Gluconacetobacter by BLAST analysis (data not shown). Therefore, these four strains were excluded from further analysis. Analysis of the phylogenetic tree based on the 16S rRNA sequences indicated the presence of five clusters including each of the type strains, namely G. albidus (group 5), G. cerinus (group 3), G. frateurii (group 1), G. oxydans (group 4), and G. thailandicus (group 2), as depicted in Fig. 1 and as summarized in Table 1 . These groupings were supported by high bootstrap values of more than 963 in 1,000 trials, except for the branching between groups 1 and 2, of which confidence limits were 704 in 1,000 replicates. The 16S rDNA similarity values within each group were higher than 99.9% and those between individual groups were lower than 99.3%, except for groups 1 and 2, which showed a high degree of similarity (99.9%). 16S-23S rDNA ITS sequence analysis further divided groups 1 and 4 into two sub-groups (1-1 and 1- 2, and 4-1 and 4-2) with similarity values of 98.6%. Sub-group 1-1 was more closely related to group 2, because their ITS sequence similarity was 98.9%. The ITS sequence similarities between sub-groups 4-1 and 4-2 were lower than 99.4%. Group 1 includes G. frateurii NBRC 3264 T and 10 strains of G. frateurii (namely, NBRC 3251, 3260, 3264 T , 3265, 3268, 3270, 3271, 3272, 3286 , and 16669), three strains of G. cerinus (namely, NBRC 3262, 3263, and 3269), and four strains of G. oxydans (namely, NBRC 3171, 3253, 3285, and 3290) (Fig. 1 (Katsura et al., 2002; Tanaka et al., 1999) .
On the other hand, sub-group 1-2 was composed of five strains (NBRC 3260, 3263, 3269, 3271, and 3272) which were supported by a high bootstrap value of 989 of 1,000 trials to be independent from the type strains of all known Gluconobacter species. According to Tanaka et al. (1999) , the four strains mentioned above, namely IFO (= NBRC) 3260, 3263, 3269, and 3271, exhibited low levels of DNA-DNA similarity (45-56%) with G. frateurii IFO 3264 T . Further taxonomic studies must be performed to assign sub-group 1-2 to a new species.
G. thailandicus, which was proposed by Tanasupawat et al. (2004) , can be discriminated from G. cerinus and G. frateurii for its growth at 37°C and from G. oxydans for its growth on meso-ribitol and L-arabitol. In this study, one strain designated as G. frateurii NBRC 3254 and seven strains of G. oxydans (NBRC 3172, 3255, 3256, 3257, 3258, 3289, and 3291) constituted group 2 together with G. thailandicus F149-1 T and F142-1 in both 16S rDNA and 16S-23S rDNA ITS analyses. They showed relatively high degrees of 16S rDNA and ITS sequence similarity with sub-group 1-1 as described above. These data and low bootstrap values for group 2 members suggest that G. thailandicus may be closely related to G. oxydans. Phenotypic and DNA-DNA hybridization studies will establish more unambiguously the taxonomic positions of these eight strains included in group 2 that have been named G. frateurii and G. oxydans. , was found to be included in group 3, which is consistent with the results of Katsura et al. (2002) in which G. asaii was proposed to be a junior subjective synonym of G. cerinus.
Group 4 was composed of 15 strains of G. oxydans and one strain of "G. rubiginosus," which was further divided into two sub-groups, sub-group 4-1 including the type strain of G. oxydans (NBRC 3130, 3189, 3287, 3431, 3432, 3462, 3464, 12118, 12528, 14819 T ) and sub-group 4-2 (NBRC 3244, 3292, 3293, 3294, and 3243), classified on the basis of both the 16S rDNA and ITS sequence data. According to Micales et al. (1985) and , strains IFO (ϭ NBRC) 3244, 3294, 3293 that were classified into subgroup 4-2 in this study, showed high levels of DNA-DNA similarity (86-81%) to the type strain of G. oxydans (ATCC 19357 T and NCIB 9013 T ), which suggests that the members of both sub-groups 4-1 and 4-2 should be classified into G. oxydans.
G. albidus NBRC 3250 T and 3273 constituted an independent lineage (group 5), which strongly supports the proposal of Yukphan et al. (2004b) . Strain NBRC 3990 was related to G. oxydans (subgroup 4-1) and strains NBRC 3266 and 12467 to G. albidus (group 5) by the 16S rDNA sequence, whereas each of these three strains was found to exist at an independent position by the ITS sequence analysis. It was reported that strain IFO 12467 showed 55, 65, and 78% DNA-DNA similarity to G. oxydans NCIB 9013 T , ATCC 19357 T , and IFO 14819 T , respectively (Micales et al., 1985; Tanaka et al., 1999; . Strain IFO 12467 was once designated as the type strain of the new subspecies, G. oxydans subsp. sphaericus, by Ameyama (1975) . Further taxonomic studies are needed to establish the exact taxonomic assignment for NBRC 3990, 3266, and 12467. As described above, more systematic analyses of the 16S rDNA and 16S-23S rDNA ITS sequences will allow us to elucidate more accurate classification of Gluconobacter strains.
